Introduction
Species of Campylobacter are major causative agents of bacterial gastroenteritis around the world (1) . Serious complications following C. jejuni infections are Guillain-Barré syndrome and reactive arthritis (2, 3) . Campylobacter can colonize the intestinal tract of domestic and wild animals, and chicken is an important natural source for human infectious agents because of a large number of campylobacters in the chicken intestine, especially in the cecum (4) . During chicken processing in slaughterhouses, poultry meat can become contaminated with Campylobacter, mainly C. jejuni and C. coli (5) . Therefore, consumption of undercooked chicken products is a primary cause of human campylobacteriosis (6) .
A rapid and reliable method is needed for identification of Campylobacter contamination of food samples. However, conventional culture techniques for bacterial detection are time consuming and labor intensive (7) . PCR-based assays for Campylobacter detection have been reported to have high sensitivity and specificity (8) (9) (10) and also have the advantage of detecting viable but non-culturable Campylo-bacter cells (11) . Ethidium bromide, which is commonly used for staining PCR products, is known as a carcinogenic agent, and real-time PCR requires an expensive analyzer. A PCR-enzyme linked immunosorbent assay (ELISA) can overcome these pitfalls because a color-positive result is easily detected using a spectrophotometer (12, 13) . Magnetic nanoparticles (MNP) have different applications for detection of biological molecules (14) . Magnetic beads conjugated with antibodies or oligonucleotides have been developed for selective removal of target molecules from complex sample matrices using an external magnetic field. Magnetic particles conjugated with specific antibodies used to capture cells prior to PCR were developed for detection of Campylobacter in milk and chicken products (15, 16) . Herein, specific forward primers were immobilized on magnetic nanoparticles for selective removal of target DNA from complex samples before PCR.
More than 16 Campylobacter species have been identified, but thermophilic species are the most clinically recognized infection agents (17) . Cases of campylobacteriosis caused by C. jejuni were significantly more common than cases caused by C. coli or C. lari, while C. upsaliensis is a less common cause of human foodborne infections. This study was designed to detect C. jejuni, C. coli, and C. lari based on selection of PCR primers targeting 16S rRNA using intensively performed analytical method validation (18) . In this study, an enzyme-substrate detection system coupled with magnetic nanoparticle-based PCR was used for thermophilic Campylobacter detection. Specific forward primers were bound to magnetic nanoparticles and reverse primers were labeled with biotin. After PCR amplification, amplicons attached to nanoparticles were magnetically collected and detection was based on generation of colored products using streptavidin-horseradish peroxidase and a substrate. Therefore, the objective of this study was to develop a practical MNP-PCR-enzyme linked gene technique for detection of Campylobacter DNA in contaminated chicken meat. The developed method is summarized in Fig. 1 .
Materials and Methods
Bacteria strains and culture conditions C. jejuni ATCC 33291, C. jejuni ATCC 33560, C. coli MUMT18630, C. lari ATCC 43675, C. upsaliensis DMST19055, and C. fetus ATCC 27374 from stock culture were subcultured by streaking with a loop on charcoal deoxycholate agar (Oxoid, Basingstoke, UK) under a microaerobic atmosphere at 37 Immobilization of primers on magnetic nanoparticles Carboxylated magnetic nanoparticles (MNPs) (Chemicell, Berlin, Germany) with a diameter of 250 nm were immobilized with the NH 2 -modified forward primer (5'-NH 2 -C 12 -CTG CTT AAC ACA AGT TGA GTA GG-3') following the covalent coupling procedure using the carbodiimide method (19) . Briefly, MNPs were washed twice with 500 µL of 25 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer at pH 6.0, then 1 mg of MNPs was mixed with 5.4 nmol of the designed forward primer. After incubation under gentle shaking at room temperature for 30 min (Thermo Shaker TS-100; Biosan, Riga, Latvia), 10 µL of a 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) solution (10 mg of EDC in 0.25 mL of MES buffer) and MES buffer were subsequently added to achieve a final volume of 100 µL. After incubation at 4 o C for 2 h with gentle shaking (Thermo Shaker TS-100; Biosan), immobilized MNPs were separated using a magnetic separator and incubated with 50 mM Tris buffer (pH 7.4) under gentle shaking (Thermo Shaker TS-100; Biosan) at room temperature for 10 min to quench unreacted carboxylic groups (20) . Primer-immobilized MNPs were washed twice with 50 mM Tris buffer (pH 7.4) by gently shaking (Thermo Shaker TS-100; Biosan) at room temperature for 10 min and the immobilized MNPs were separated using a magnetic separator. The primer-immobilized MNPs were re-suspended in Tris-EDTA buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0) before storage at 4 o C.
Immobilization efficiency testing The efficiency of a coupling reaction used for production of primer-immobilized MNPs was indirectly tested based on hybridization with a complementary primer tagged with biotin (5'-biotin-GAC GAA TTG TGT TCA ACT CAT CC-3'). Thirty µL of 0.5 µM primer-coupled MNPs was gently washed twice with 100 µL of distilled water using an external magnet to hold MNPs during washing. Then, a 3' biotin labeled complementary primer at a final concentration of 0.5 µM in 13×saline-sodium citrate (SSC) buffer with 0.05% bovine serum albumin (BSA) was added and the suspension was incubated at ambient atmosphere for 30 min. MNPs were washed twice with 100 µL of distilled water and incubated with 50 µL of horseradish peroxidase-conjugated streptavidin at ambient atmosphere for 60 min. After washing with distilled water, 50 µL of 2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonate) (ABTS) (Kirkepaard and Perry Laboratories, Gaithersburg, MD, USA) containing 50% H 2 O 2 (Kirkepaard and Perry) was added, followed by incubation at ambient atmosphere for 30 min. Enzyme activity was measured using the Nanodrop 2000 apparatus (Thermo Fisher Scientific) at 405 nm and expressed as an optical density (OD 405 ) value. Distilled water in place of biotin-labeled complementary primer and primeruncoupled MNPs instead of primer coupled MNPs were used as negative controls.
Magnetic nanoparticle-based PCR Two primers were designed for PCR amplification of C. jejuni 16S rRNA (GenBank accession no. Y19244), which was specified for detection of thermotolerant campylobacters (18) . The NH 2 -modified forward primer was immobilized on MNPs and the backward primer (5'-biotin-TTC CTT AGG TAC CGT CAG AA-3') was labeled with biotin. PCR was carried out in a 30 µL mixture containing 1×Taq buffer, 3.0 mM MgCl 2 , 0.3 mM of each deoxynucleotide triphosphates (dNTP), 1 U of Taq MNPs-PCR products were identified using either an enzymesubstrate system or based on fluorescence intensity. DNA of C. jejuni ATCC 33291 and distilled water were used as positive and negative detection controls, respectively.
For the enzyme-substrate system, MNPs-PCR products were washed twice with distilled water, then incubated with 50 µL of horseradish peroxidase-conjugated streptavidin (SA-HRP) at ambient atmosphere for 60 min. Obtained SA-biotin complexes were washed twice with 100 µL of distilled water and separated based on application of an external magnetic field. Then, 50 µL of ABTS containing H 2 O 2 was sequentially added and the mixture was incubated for 30 min at ambient atmosphere for color development. The absorbance of the reaction mixture was measured using a Nanodrop 2000 (Thermo Fisher Scientific) at 405 nm and expressed as an OD 405 value. For fluorescence intensity detection, MNPs-PCR products were washed twice with 100 µL of distilled water, then incubated with 50 µL of CF488A-labeled streptavidin (Biotium, Hayward, CA, USA) at room temperature for 60 min in the dark. Obtained SA-biotin complexes were washed twice with 100 µL of distilled water and finally resuspended in 50 µL of distilled water. The fluorescence intensity was measured at an excitation wavelength of 490 nm and an emission wavelength of 515 nm (Varioskan TM Flash; Thermo Fisher Scientific).
Sensitivity and specificity determination of MNP-based PCR Serial 10×dilutions of C. jejuni ATCC 33291 DNA were prepared using Tris-EDTA buffer and 1 µL of each dilution was used as a DNA sample for MNP-based PCR. MNPs-PCR products were analyzed using both the enzyme-substrate system and fluorescence intensity for evaluation of analytical sensitivity. For specificity determination, 1 ng of extracted DNA from 16 strains of non-Campylobacter bacteria was divided into 4 groups (4 strains for each group) for use as a DNA template in MNPbased PCR detection using an enzyme-substrate system. The conventional PCR reaction using forward (5'-CTG CTT AAC ACA AGT TGA GTA GG-3') and reverse (5'-TTC CTT AGG TAC CGT CAG AA-3') primers without labeling was also performed for amplification of extracted DNA from all groups. The conventional PCR reaction was 95 The PCR product was analyzed using 1.5% agarose gel electrophoresis with ethidium bromide staining.
Detection in naturally contaminated chicken skin The MNP-PCRenzyme linked gene assay was applied for detection of thermotolerant campylobacters in chicken carcasses. Fifty chicken thighs were purchased from retail markets in Nakhonpathom, Thailand in April of 2014 and stored in a refrigerator at 4 o C prior to analysis. Skin was aseptically cut using sterile scissors into small pieces and 10 g of skin was cultured in 90 mL of Bolton broth (Oxoid) supplemented with antibiotics (cefoperazone, vancomycin, trimethoprim lactate and amphotericin B). The Bolton broth was vigorously shaked by hands for 1 min and incubated in a container filled with microaerobic atmosphere (5% O 2 , 10% CO 2 , and 85% N 2 ) at 37 o C for 4 h and at 41.5 o C for 20±2 h, respectively. After incubation, 2 loopfuls were streaked on modified charcoal cefoperazone deoxycholate agar (mCCDA) (Oxoid) plates supplemented with cefoperazone and amphotericin B, followed by incubationin a container filled with microaerobic atmosphere at 41. Bolton broth from both culture-positive (n=9) and culture-negative (n=10) plates was collected for bacterial DNA extraction using a modified alkaline boiling method as following. An enrichment broth (50 µL) was mixed with 50 µL of 50 mM NaOH and boiled at 100 o C for 10 min, then mixed with 10 µL of 1 M Tris-HCl (pH 7.4) and centrifuged (MicroMax RF; Thermo Fisher Scientific) at 2,000×g for 1 min at room temperature. The supernatant was collected for use as a DNA template for MNP-based PCR using the enzyme-substrate system. Three separate MNP-based PCR experiments were performed using the enzyme-substrate system for detection of campylobacters and results were reported as mean values±standard error of the mean (SE). This study did not involve any experimentation with human or animal subjects performed by any of the authors.
Statistical analysis For immobilization efficiency testing, specificity testing, and detection in contaminated chickens, OD values were analyzed using a one-way analysis of variance (ANOVA) with Microsoft Office Excel for statistical analysis at p≤0.05 for significance.
Results and Discussion
Primer immobilization efficiency After primer-coupled MNPs were hybridized with a complementary primer labeled with biotin and detected using enzymatic reactions, higher OD values (p<0.05) were observed than for negative controls (Fig. 2) . Specific primers designed with a long spacer, (CH 2 ) 12 were successfully coupled onto the magnetic nanoparticle surface. A spacer structure separates the -NH 2 linker from the forward primer and a long spacer of 12 carbons was useful to avoid steric hindrance effects that can occur during capture of target bacterial DNA (21) . Non-specific adsorption of complementary primers and streptavidin on MNPs was not significant (p>0.05) with lower OD values for negative controls.
Sensitivity of MNP-based PCR Analytical sensitivity was investigated based on varying concentrationsof 10x dilutions of Campylobacter DNA from 1 ng/µL to 0.1 pg/µL. Sensitivity of fluorescent-based detection, based on measurement of fluorescence intensity, was observed at 100 pg of DNA (Fig. 3A) while the enzyme-substrate system exhibited a detection limit of 0.1 pg per reaction (Fig. 3B) . A Campylobacter genome size of 1.6 Mb is equivalent to 1.5 fg of DNA per bacterium (22) . Therefore, the assay detection limit was 6.7x10 4 CFU equivalents/mL. For detection of amplification products, the enzyme-substrate system demonstrated a 100x higher sensitivity than the fluorescent-based system due to the catalytic nature of enzyme-mediated substrate conversion, resulting in macroscopic observation of the colored product. Moreover, the enzyme-substrate assay was more convenient and user-friendly than conventional agarose gel electrophoresis and staining. Therefore, MNP-based PCR with an enzymatic detection system was used for subsequent experiments. A technique similar to the technique used in this study has been applied for detection of the chronic myelogenous leukemia gene with a detection limit of 1 pg (23). PCR-ELISA assays, which have been reported for Campylobacter detection, had a detection limit of 1.5-346 fg (24, 25) .
Specificity testing of MNP-based PCR assay Extracted DNA from 16 non-Campylobacter bacteria was assayed using a horseradish peroxidase labeled streptavidin and ABTS ® peroxidase substrate system in MNP-based PCR for determination of specificity. OD values (Fig. 4) of C. jejuni DNA were significantly (p<0.01) higher than OD values of non-Campylobacter bacteria (groups 1 to 4) which had a mean value and a standard deviation (SD) of 0.26 and 0.094, respectively. The cutoff point was set as the mean value plus 2 SD (23). Therefore, any reaction with OD 405 s greater than 0.45 were considered to be positive. Specificity testing using conventional PCR assays was further analyzed based on agarose gel electrophoresis (data not shown). A PCR product with a size of 287 base pairs was not observed from all non-Campylobacter bacteria tested, whereas DNA amplification from C. coli MUMT18630, C. jejuni ATCC 33291, C. jejuni ATCC 33560, and C. lari ATCC 43675 was observed in the target band.
Detection in naturally contaminated chicken skin The magnetic nanoparticle-based PCR assay was applied for detection of Campylobacter spp. from naturally contaminated chicken skin samples. Nine of 50 skin samples were determined to be positive using conventional cultural methods and a PCR assay. Average OD 405 values from all 9 positive samples were 0.60±0.11 ( Fig. 5) , which was significantly (p<0.01) higher than culture-negative skin sample values (0.23±0.09) and also greater than the cutoff point of 0.45. The assay can be used for identification of Campylobacter contamination in poultry carcasses based on direct detection in an enrichment medium after 24 h of incubation. A comparison of sensitivity and assay time between the developed method, conventional PCR assays, and the Fig. 3 . Comparison of the sensitivity of MNP-based PCR. 10x serial dilutions of C. jejuni DNA ranging from 1 ng to 0.0001 ng were analyzed using MNP-based PCR and detected with CF488A-labeled streptavidin, which presented as a relative fluorescence unit (A), or detected using streptavidin-horseradish peroxidase and ABTS, which presented as an optical density value (B). culture method based for Campylobacter detection in chicken samples (26) after enrichment culture is shown in Table 1 . Poultry skin, which has a higher incidence of contamination than skinless meat, is considered to be a safe reservoir for Campylobacter (27) . Campylobacter cells were mostly entrapped in skin crevices or feather follicles and could survive during storage at low temperatures (28) . Campylobacter contamination levels of chicken products may be relatively low (29) , so the enrichment step can facilitate detection based on an increase in the number of Campylobacter cells, and on dilution of inhibitory substances derived from food samples for the PCR-based assay. However, the enrichment medium for Campylobacter contains inhibitory substances, including immunoglobulin G (30), heme, lactoferrin (31), bile, esculin (32), charcoal, and iron (33, 34) . Use of magnetic nanoparticles in a PCR-based assay should be of benefit for identification of food samples containing interfering substances and with a high level of background flora, such as poultry carcasses. Magnetic nanoparticles immobilized using forward primers assisted concentration of target Campylobacter DNA after DNA Fig. 4 . Optical density (OD 405 ) and optical images of specificity determination. Sixteen strains of non-Campylobacter DNA were pooled into 4 groups and analyzed using MNP-based PCR and the enzyme-substrate system. Distilled water and Campylobacter DNA were used as negative and positive controls, respectively. extraction, leading to increased sensitivity for Campylobacter detection.
In this study, a sensitive PCR-based method using primerconjugated magnetic nanoparticles for separation and concentration of target DNA with an enzyme-substrate system for rapid and colorimetric detection of Campylobacter, was developed. The assay demonstrated good performance, compared with both the standard culture method and conventional PCR for Campylobacter detection in chicken skin samples. A combination of MNPs and the enzymesubstrate system promoted enhancement of the sensitivity of the developed system. Development of MNP-based PCR and detection using the enzyme-substrate system presented herein for detection of thermophilic Campylobacter is the first report of an assay that combines 3 standard technologies for investigation of poultry samples. time taken after 24 h of enrichment culture
